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Original Article

OXFORD
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Summary

Objectives: Three-dimensional (3D)-printed aligners present a promising orthodontic treatment modality, whose clinical success largely de-
pends on the material's mechanical properties. The aim of this study was to evaluate the mechanical properties of resin-made 3D-printed aligners
and assess the effect of two different post-curing conditions.

Materials and methods: Forty dumbbell-shaped specimens and 40 resin aligners were 3D-printed and divided into four equal groups according
to post-curing conditions: presence or absence of oxygen during post-curing and water heat treatment at 85°C for 15 s or none. Samples from
the central incisor of the aligner (n = 5/group) were studied by Attenuated Total Reflection Fouriertransform infrared spectroscopy (ATR-FTIR).
The dumbbell-shaped specimens were loaded up to fracture under tensile mode and yield strength, ultimate tensile strength, elastic and plastic
strain were calculated. The first mandibular molar area from 3D-printed aligners (n = 10/group) was cut and embedded in acrylic resin and then
underwent metallographic grinding and polishing followed by instrumented indentation testing to determine the following mechanical proper
ties: Martens hardness, indentation modulus, elastic index, and indentation relaxation. After descriptive statistics, differences according to each
post-curing protocol, as well as their combination, were analyzed with linear regression modeling at a 5% significance level.

Results: All groups showed identical ATR-FTIR spectra, while no statistically significant effects were seen for either post-curing protocol
(N, presence and heat treatment) or their combination (P> .05 in all instances).

Conclusions: The mechanical properties of 3D-printed resin aligners were not considerably affected either by post-curing in N, atmosphere or
heat treatment.

Keywords: orthodontic; aligners; 3D printing; FTIR; mechanical properties; instrumented indentation testing

Introduction glycol and polyurethane aligners produced by thermoforming
on existing models, the majority of 3D-printed aligners are
made of a liquid resin being polymerized in a malleable-soft
form by the light source [3]. This is followed by a post-curing
process in special light polymerization chambers, which fur-
ther solidifies the aligners and grants them their final mech-
anical properties. The latter are of paramount importance for
the aligner’s clinical efficiency, and therefore, fabrication con-
ditions should be streamlined as much as possible.

In particular, the oxygen inhibition zone is a well-studied
resin polymerization hindering phenomenon for curing pro-
cesses taking place under an open atmosphere [12]. Since
3D-printed aligners are constructed in a layer-upon-layer
fashion, exposure to air during material setting may affect the
degree of double bond conversion [13] and thus the presence
of residual uncured free resin monomer, compromising the
mechanical properties of the aligner. Several studies have in-
dicated that nitrogen-containing post-curing chambers free of
oxygen have an effect on mechanical properties like modulus

Since their introduction in the early 90s, aligners have gathered
considerable interest from patients and are today an attractive
treatment option for adults with high aesthetic demands [1, 2].
The recent introduction of 3D printing technology in den-
tistry has enabled clinicians to produce appliances in the of-
fice, thereby reducing costs and delivery time, while at the
same time being able to satisfy the increasing demand and
having a greater say in the design of the provided appliances.
This computer-aided additive appliance manufacturing tech-
nique utilizes digitized three-dimensional (3D) models and
fabricates the orthodontic aligners in subsequent printed
layers [3]. Various printing methods exist (like selective laser
melting, inkjet printing, and extrusion printing), and stereo-
lithography, along with liquid crystal display and digital light
processing, is extensively used for orthodontic appliances
[4-9]. All these techniques use a high-intensity light source to
partially cure the aligner material in an incremental stratified
fashion [10, 11]. In contrast to the polyethylene terephthalate
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of elasticity, hardness, and surface roughness [13-15]. These
may have detrimental effects on the magnitude of force ap-
plied by the aligner, its relaxation behavior, its aesthetics, and
its resistance to wear [16]. Additionally, the intraoral release
of the uncured substances from orthodontic materials may
have cytotoxic implications and should, therefore, be thor-
oughly investigated [17, 18].

Furthermore, the additive manufacturing technique, des-
pite being cost-effective, is known to introduce stresses be-
tween the printed material layers in an anisotropic manner.
This phenomenon is a well-studied side-effect when metallic
components are constructed the same way [19] and is par-
tially addressed by post-printing thermal treatment. These re-
sidual stresses are not to be taken lightly, since they may have
implications on the mechanical properties of the material
that might affect the clinical performance of the end-product.
In addition, heat applied to the printed aligner might, apart
from its described compensatory role, also augment resin
monomer conversion rate, polymerization reaction, and de-
gree of cross-linking [20]. Immersion in a hot water bath may
also facilitate the release of residual monomers and loosely
bound molecules, reducing the risk of any biological conse-
quences by intraoral monomer release of such polymeric de-
vices. However, experimental data supporting these potential
advantages are not known to the authors.

The aim of the present study was to investigate the ef-
fect of oxygen-free post-curing environment and heat treat-
ment during post-curing on the mechanical properties of
3D-printed resin aligners. The null hypothesis was that there
is no statistical difference in the mechanical properties of
3D-printed aligners between a Nitrogen gas atmosphere and
an oxygen atmosphere in post-curing or between heat-treated
end-product and non-treated aligner during post-curing.

Materials and methods

Sample preparation

Forty dumbbell-shaped specimens and forty 3D-printed
aligners were fabricated, both from a resin indicated
for 3D printing of orthodontic aligners (Tera Harz
TC-85DAC, Graphy, Seoul, Korea), using the SprintRay
Pro 95 (SprintRay, Los Angeles, CA, USA) via direct light
processing technology and equally shared in four groups:
(i) standard group, where aligners were treated for 14 min
in a post-curing unit (Tera Harz Cure 2, Graphy, Seoul,
Korea); (ii) standard treatment plus nitrogen treatment,
where the chamber of post-curing unit was purged with
N, during post-curing polymerization; (iii) standard treat-
ment plus heat treatment, where aligners were addition-
ally immersed in hot water (85°C) for 15 seconds; and (iv)
where both nitrogen and heat treatments were added to
the standard protocol. All of them were printed in succes-
sive layers of 100 um nominal size employing a 405 nm
blue-violet light and digital light processing technology. A
centrifugation machine was used to remove excess resin for
4 min. The dumbbell specimens were printed according to
the ISO 527-2:2012 standard (1BA specimen type, overall
length 75 mm, thickness, and width at narrow portion
2 mm and 5 mm, respectively, and gauge length equal to
the length of narrow parallel-sided portion 30 mm). The
aligners were printed with a 0.5 mm thickness and 0.05 mm
offset from the teeth.
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Attenuated Total Reflection (ATR) - Fourier-
Transform InfraRed (FTIR) spectroscopy

Five aligners from each group were sectioned in the middle,
and samples from the aligner area corresponding to the central
incisor from all groups were cut with a lancet. Each sample
was placed against the diamond reflective element of a single-
reflection ATR accessory equipped with Zn-Se lenses (Golden
Gate, Specac, Kent, UK). The sample was pressed with the
sapphire anvil of the accessory to achieve firm contact. ATR-
FTIR spectra were acquired from each sample using an FTIR
spectrometer (Spectrum GX, Perkin-Elmer Corp, Bacon, UK)
operated under the following conditions: 4000-650 cm-!
range, 4 cm™! resolution, and 20 scan co-addition. The depth
of analysis was estimated as ~2 pm at 1000 cm™'. All spectra
were subjected to ATR and baseline corrections, while ali-
quots of unset resin were also analyzed to estimate the degree
of conversion of double bonds.

Tensile testing

After measuring the dimensions of each dumbbell-shaped
specimen with a digital micrometer (Mitutoyo, Kanagawa,
Japan), all specimens were loaded up to fracture with a
universal tensile testing machine at a crosshead speed of
10 mm/min speed (Tensometer 10, Monsanto, Swidon, UK).
Specimens were mounted in mechanical wedge action tensile
grips which are dedicated to a wide range of materials (me-
tallic materials, composites, etc.) and specimen types. These
grips are designed to provide a manual wedge action grip,
facilitating positioning and alignment of tested specimens
and eliminating specimen slippage during loading. In add-
ition, stress was calculated by dividing the measured force
by the nominal cross-section area and strain by dividing the
disposition of the cross head from zero position divided by
the nominal gauge length and multiplied by 100%. The yield
strength (YS) and the ultimate tensile strength (UTS) were cal-
culated by dividing the force by nominal cross-section area of
each specimen. YS was defined as the point of the curve where
the slope of the tensile curve changes significantly or as the
highest point of the first local peak after the elastic part of the
tensile curve. The strain at the yield strength was considered
the elastic strain, while plastic strain was calculated by sub-
tracting elastic strain from total strain according to the 1SO
527-1:2012 standard.

Instrumented indentation testing

The aligner area pertaining to the mandibular first molars
from each group was cut from the aligners, and the specimens
were embedded in acrylic resin (Verso Cit-2, Struers, Ballerup,
Denmark). Samples were oriented during embedding in resin
with their occlusal surfaces parallel to the horizontal plane so
that the full-thickness cross-section of the aligner’s cervical
wall area faced upwards and was used during instrumented
indentation testing (II'T). Then, the samples were ground up to
4000 grit-size Si-C papers under water cooling and polished
with a water-based diamond suspension (NapR1 DiaPro,
Struers, Ballerup, Denmark) of 1 pm particle size in a grinding/
polishing machine (Dap-V, Struers, Ballerup, Denmark). The
mechanical properties of the four groups were investigated by
means of IIT, including Martens Hardness (HM), indentation
modulus (E ), elastic index (n),,), and indentation relaxation
(R;). Testing was conducted in a universal hardness testing
machine (ZHUO0.2/722.5, Zwick Roell, Ulm, Germany) with
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a Vickers indenter, applying two different loading regimes:
(i) the HM, E_, and 0, were determined automatically from
force-indentation depth curves applying a maximum load of
49N for a 2-s contact time; (ii) for R, a rectangular force
pulse with a constant indentation depth of 50 pm was applied
for 120 s and the R ;. value was measured by monitoring the
decrease in force between the start and the end of the constant
indentation depth period. Relaxation was determined by the
following equation:

Rir (%) =100 = (F1 — F2) /F1

where F1 and F2 stand for the force at =0 and # = 120 s of
rectangular pulse. All mechanical properties were calculated
according to formulas provided by the international stand-
ards [21-23] using a Poisson’s ratio of 0.357 [24].

Statistical analysis

Initially, normality was assessed through visual inspection of
distribution plots and formally with the Shapiro-Wilk test.
Descriptive statistics, consisting of means and standard devi-
ations (SD) for normally distributed data (and medians with
inter-quartile ranges [IQR] for skewed data) were calculated.
The effect of heat treatment and the effect of N, presence
during post-curing were assessed through linear regression
models, after checking appropriate regression diagnostics (re-
siduals’ normality, homoscedasticity, and model specification).
Initially, an interaction term of heat by N, was introduced in
the model and was ultimately dropped from the model if stat-
istically non-significant. All analyses were done in Stata (ver-
sion 14.0; Stata Corp, College Station, TX) with o = 5% and
an openly provided dataset (doi: 10.5281/zenodo.8346723).

Results

Figure 1 illustrates representative ATR-FTIR spectra from the
four groups tested and samples of unset resin. The spectra
from all groups tested are identical and present the charac-
teristic bands of NH, CH, C=0, CN, C(O)OC, and COC
groups, which fit with a polyester—urethane polymer struc-
ture. All peaks of C=C (indicated by arrows) of unset material
vanished after setting, denoting a complete conversation of
double bonds.

Figure 2 indicates representative stress—strain curves from
all groups tested. Characteristic points of YS, UTS, and elastic
and total strain are indicated by arrows on the first curve.
The curves are shifted horizontally for the sake of clarity. The
results of mechanical properties along with all statistical com-
parisons, are given in Table 1.

Figure 3A illustrates representative force-indentation depth
curves for all groups tested. Figure 3B presents the rectangular
pulse applied with a period of standard indentation depth,
while Fig. 3C depicts force degradation over recording time.
All groups show similar indentation depth, as no differences
were identified in HM.

All mechanical properties determined by both tensile and
0T measurements are shown in Table 1 along with statistical
comparisons according to the presence of oxygen and the heat
treatment during the aligners’ post-curing. No significant dif-
ferences were found for all mechanical properties tested either
between groups post-cured with and without N, atmosphere
or heat treatment (P > .05 in all instances). The average ma-
terial properties among all specimens tested (7 = 40) were as

Absorbance (a.u.)

S

. T - T v T ’ T . T g T
2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 1. Representative ATR-FTIR spectra from unset material and
all groups tested. All groups indicate identical ATR-FTIR spectra.
Vertical arrows indicate the C=C in unset material. S, standard group;
SHT, standard plus heat treatment group; SN2, standard plus nitrogen
treatment group; S/N/H, standard plus nitrogen and heat treatment
group.

25 A

uTsS

g _Total strain
0 S — T .
0 50 100 150 200 250
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Figure 2. A set of representative stress-strain curves from all groups
tested under tensile testing of the dumbbell-shaped specimens. YS and
UTS stand for yield strength and ultimate tensile strength, respectively.
Elastic and total strain are also indicated by arrows on horizontal axis. For
the sake of clarity, the curves are offset by 20%.

follows: YSmean 11.9 MPa (SD 1.6 MPa); UTS mean 20.7 MPa
(SD 1.2 MPa); elastic strain mean 28.1% (SD 2.6%); plastic
strain median 110.5% (IQR 101.0-114.0%); HM median
91.0 N/mm? (IQR 89.0-93.0 N/mm?); E, . median 2806.8 MPa
(IQR 2746.2-2900.5 MPa); NIT median 28.3% (IQR 27.4-
28.8%); R mean 58.7% (SD 2.8%). No statistically signifi-
cant interaction between N, and heat was identified, which
means that the effect of each of these two protocols is inde-
pendent, and their combination has no effect.
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Table 1. Descriptive statistics for all mechanical properties tested along with the effect of heat treatment, N, treatment, or their interaction.

Variable Group Metric no N, N, Interaction HT N,

Yield strength (YS; MPa) No HT Mean (SD) 11.7 (1.8) 11.6 (1.2) 0.74 0.44 0.90
HT Mean (SD) 12.0 (1.3) 12.2 (2.0)

Ultimate tensile strength No HT Mean (SD) 20.7 (1.1) 20.8 (1.2) 0.25 0.95 0.20

(UTS; MPa)

HT Mean (SD) 20.3 (1.5) 21.2 (0.9)

Elastic strain (%) No HT Mean (SD) 28.7 (3.1) 26.9 (1.5) 0.31 0.51 0.26
HT Mean (SD) 28.4 (1.4) 28.3 (3.7)

Plastic strain (%) No HT Median (IQR) 109.5 (103.0-114.0) 113.5 (94.0-112.0) 0.80 0.06 0.24
HT Median (IQR) 104.5 (94.0-112.0) 107.0 (101.0-112.0)

Martens Hardness HM (N/mm?)  No HT Median (IQR) 91.0 (86.0-92.0) 91.0 (89.0-93.0) 0.15 0.08 0.43
HT Median (IQR) 91.0 (89.0-93.0) 92.0 (90.0-93.0)

Indentation Modulus E . (MPa) No HT Median (IQR) 2883.0(2802.9-2978.1) 2795.6 (2765.5-2815.3) 0.68 0.59 0.06
HT Median (IQR) 2857.7 (2792.6-2921.7) 2759.4 (2725.5-2809.2)

Elastic index (15 %) No HT Median (IQR) 27.8 (27.6-29.1) 28.3 (27.6-29.1) 0.86 0.46 0.14
HT Median (IQR) 27.8 (27 3-28.7) 28.5(28.3-28.8)

Relaxation index R (%) No HT Mean (SD) 60.3 (1. 57.8 (1.8) 0.22 0.46 0.09
HT Mean (SD) 58.6 (4. 58.2 (2.8)

HT, heat treatment; IQR, interquartile range; SD, standard deviation.

Discussion

Based on the results of this study, the null hypothesis should
be accepted, as no considerable differences in the mechanical
properties of the four studied groups were identified.

Spectroscopy results detected no vibrations of aromatic
groups, indicating that the used polymer is an aliphatic vinyl-
functionalized polyester—urethane material, which is in ac-
cordance with previous reports [25]. The C=C peaks of the
unset material completely vanished on set groups, indicating
full conversion of double bonds in all cases. Therefore, it can
be stated that none of the discriminating variables had any
beneficial effects on the C=C conversion degree. Spectra of
the tested groups indicated identical patterns, with the ab-
sence of any sign of compositional differences arising from
post-curing in different environmental conditions (either a ni-
trogen atmosphere or thermal treatment).

Given that the used dumbbell-shaped specimens are bulkier
(2 x 5 mm cross section) than orthodontic aligners (ranging
from 0.5 to 0.65 mm in thickness), IIT was combined with
tensile testing to determine the mechanical properties of
orthodontic appliances, excluding the limitation that size
could play a significant role on mechanical properties tested.
[T has been extensively used as it is capable of automated,
subjective, and rebound-free evaluation of the material end-
product [16,26,27].

No significant interactions were detected between the in-
dependent variables of a nitrogen atmosphere or water-based
heat treatment (Table 1), indicating that the effect (or lack of
it) from each of the post-curing conditions was independent
and no added benefit existed by their combination.

All recorded stress—strain curves demonstrated the typical
pattern of polymeric materials’ tensile curves [28], where the
yield was followed by an increase in stress up to the material’s
final fracture. During this stage, following the yield strength,
the polymer chains tend to orient parallel to the tensile vector
resulting in a strain-hardening mechanism [29]. Although

stressing beyond the yield strength is clinically insignificant,
the absence of any significant differences among groups for
fracture strength and plastic deformation implies that both
treatments did not seem to affect the composition or structure
of the tested material. This also verifies the abovementioned
findings from the FTIR analysis.

The results of IIT are in full accordance with the results of
tensile testing, as no significant differences were seen among
the groups for all mechanical properties tested. As far as hard-
ness is concerned, the HM values (median of 91.0 N/mm?)
suggest a material that is in consensus to earlier studies,
equally hard to the thermoplastic polyethylene terephthalate
glycol, and inferior to the material used by Invisalign (Align
Technology, Santa Clara, CA) [16, 25, 30-34]. The harder
the aligner is, the more its resistance to intraoral wear,
which is beneficial from the standpoint of structural integ-
rity. The average modulus of elasticity was 2806.8 MPa,
which is comparable to previous studies assessing resin-made
aligners (2491.2-2696.3 MPa) [16, 25] and the polyur-
ethane Invisalign ones (2216.0-2466.0 MPa) [30, 31], while
thermoformed aligners are considerably less stiff (1365.2-
2374.0 MPa) [32-34]. A higher modulus of elasticity is bene-
ficial, as it provides increased counterforce for equal strain or
equal counterforce for smaller thickness, thereby facilitating
patient comfort. The elastic indexes of tested material were,
on average, 28.3%, denoting a less brittle behavior com-
pared to Invisalign (40.0-40.8%) and thermoplastic aligners
(34.0-35.9%) [30, 31, 33]. A material’s elastic index might
influence the risk of fracture due to deformation by the re-
peated insertion/removal of the aligner many times every day
[16, 25, 30-34], although this is of minimal clinical relevance
here, as aligners are replaced weekly during orthodontic treat-
ment, and therefore each aligner does not serve for prolonged
periods of time. The high relaxation index values measured
(58.7% on average) for directly printed aligners indicate an
intense relaxation process, which rapidly reaches a plateau
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Figure 3. (A) Force indentation depth curves from all groups tested. (B)
The rectangular pulse of standard indentation depth of 50 um for 120
s applied for the measurement of relaxation index. (C) Representative
curves of force decay over time of material tested during application of
rectangular pulse.

phase (Fig. 2C). Certainly, it is not comparable to the ex-
tremely low values of Invisalign aligners (~4%) [31].

Thus, both investigated post-curing regimes (or their com-
bination) failed to show any added beneficial effect on the
mechanical properties of the material tested. Contrary to
what might be expected, post-curing in an N, atmosphere
takes place after the initial polymerization of material during

3D printing, and therefore, its effect seems to be minimal.
Besides, even in the absence of an N, atmosphere, the material
shows a full conversion of double bonds according to the
FTIR findings. Heat treatment, also known as annealing, is
used primarily to relieve and homogenize the field of residual
stresses developed during light curing [35]. Additionally, im-
mersion in hot water may facilitate the release of uncured
monomers decreasing the risk of any later monomer release
intraorally. Similar to post-curing under an N, atmosphere,
the contribution of this procedure is expected to be minimal
in a fully polymerized material. However, the results of this
study should not be unanimously accepted for all clinical
scenarios, as a vast array of different resins is used today for
this purpose, and the effect of tested parameters could differ
substantially among different materials.

Conclusions

Under the limitations of this study, the cured material showed a
full conversion of double bonds. Neither post-curing in the N,
atmosphere nor heat treatment had any added beneficial effect
on the mechanical properties of 3D-printed orthodontic aligners.

Author contributions

Mélanie Mattle (Data curation [Lead], Investigation [Equal],
Validation [Equal], Writing—original draft [Equal], Writing—
review & editing [Equal]), Olga Makou (Data curation [Equal],
Investigation [Equal], Methodology [Equal], Writing—original
draft [Equal], Writing—review & editing [Equal]), Spiros Zinelis
(Conceptualization [Equal], Data curation [Equal], Formal
analysis [Equal], Project administration [Equal], Visualization
[Equal], Writing—original draft [Equal], Writing—review &
editing [Equal]), Georgios Polychronis (Data curation [Equal],
Formal analysis [Equal], Validation [Equal], Writing—ori-
ginal draft [Equal]), Nearchos Panayi (Data curation [Equal],
Formal analysis [Equal], Writing—original draft [Equal],
Writing—review & editing [Equal]), and Theodore Eliades
(Conceptualization [Equal], Data curation [Equal], Writing—
original draft [Equal], Writing—review & editing [Equal])

Conflict of interest

N. Panayi declares a financial interest with Coruo (Limoge,
France) for the software Ubrackets.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
Open access funding provided by University of Zurich.

Data availability

The dataset of the present study is openly available
(d0i:10.5281/zenodo.8346722).

References

1. Flores-Mir C, Brandelli J, Pacheco-Pereira C. Patient satisfaction
and quality of life status after 2 treatment modalities: Invisalign and
conventional fixed appliances. Am | Orthod Dentofacial Orthop
2018;154:639-44. https://doi.org/10.1016/j.ajod0.2018.01.013

20 Alenigad €1 Uo Jasn Yyoungz seylolaigieusz / younz Areqr Ausieniun Aq 98889y /2 0pelo/L/9p/slone/ofe/woo dno-ojwapeoe//:sdiy woy papeojumoq



10.

11.

12.

13.

14.

15.

16.

17.

18.

Rosvall MD, Fields HW, Ziuchkovski ] et al. Attractiveness, ac-
ceptability, and value of orthodontic appliances. Am | Orthod
Dentofacial Orthop 2009;135:276.e1-12; discussion 276. https://
doi.org/10.1016/j.2jod0.2008.09.020

Tartaglia GM, Mapelli A, Maspero C et al. Direct 3D printing of
clear orthodontic aligners: current state and future possibilities.
Materials (Basel) 2021;14. https://doi.org/10.3390/ma14071799
Prasad S, Kader NA, Sujatha G ez al. 3D printing in dentistry. | 3D
Print Med 2018;2:89-91. https://doi.org/10.2217/3dp-2018-0012
Nguyen T, Jackson T. 3D technologies for precision in ortho-
dontics. Seminars in Orthodontics 2018;24:386-92. https://doi.
org/10.1053/j.s0d0.2018.10.003

van Noort R. The future of dental devices is digital. Dent Mater
2012;28:3-12. https://doi.org/10.1016/j.dental.2011.10.014
Wickstrom H, Hilgert E, Nyman JO ez al. Inkjet printing of drug-
loaded mesoporous silica nanoparticles-a platform for drug de-

velopment. Molecules 2017;22:2020. https://doi.org/10.3390/
molecules22112020
Panwar A, Tan LP. Current status of bioinks for

micro-extrusion-based 3D bioprinting. Molecules 2016;21:685.
https://doi.org/10.3390/molecules21060685

Fina F, Goyanes A, Gaisford S et al. Selective laser sintering (SLS)
3D printing of medicines. Int | Pharm 2017;529:285-93. https://
doi.org/10.1016/j.ijpharm.2017.06.082

Quan H, Zhang T, Xu H et al. Photo-curing 3D printing tech-
nique and its challenges. Bioact Mater 2020;5:110-5. https://doi.
org/10.1016/j.bioactmat.2019.12.003

Chen H, Cheng DH, Huang SC et al. Comparison of flexural
properties and cytotoxicity of interim materials printed from
mono-LCD and DLP 3D printers. | Prosthet Dent 2021;126:703—
8. https://doi.org/10.1016/j.prosdent.2020.09.003

Schittecatte L, Geertsen V, Bonamy D et al. From resin formulation
and process parameters to the final mechanical properties of 3D
printed acrylate materials. MRS Commun 2023;13:357-77. https://
doi.org/10.1557/s43579-023-00352-3

Reymus M, Lumkemann N, Stawarczyk B. 3D-printed material
for temporary restorations: impact of print layer thickness and
post-curing method on degree of conversion. Int | Comput Dent
2019;22:231-7.

Wada J, Wada K, Gibreel M et al. Effect of nitrogen gas post-curing
and printer type on the mechanical properties of 3D-printed hard
occlusal splint material. Polymers (Basel) 2022;14:3971. https://
doi.org/10.3390/polym14193971

Perea-Lowery L, Gibreel M, Vallittu PK et al. Evaluation of the me-
chanical properties and degree of conversion of 3D printed splint
material. ] Mech Behav Biomed Mater 2021;115:104254. https:/
doi.org/10.1016/j.jmbbm.2020.104254

Zinelis S, Panayi N, Polychronis G et al. Comparative analysis of
mechanical properties of orthodontic aligners produced by different
contemporary 3D printers. Orthod Craniofac Res 2022;25:336—
41. https://doi.org/10.1111/0cr.12537

FayyazAhamed S, Kumar SM, Vijayakumar RK et al. Cytotoxic
evaluation of directly 3D printed aligners and Invisalign. Eur | Mo-
lecular Clin Med 2020;7:1129-40.

Guerrero-Gironés ], Lopez-Garcia S, Pecci-Lloret MR et al. In
vitro biocompatibility testing of 3D printing and conventional
resins for occlusal devices. | Dent 2022;123:104163. https://doi.
org/10.1016/j.jdent.2022.104163

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

European Journal of Orthodontics, 2024

Aravind Shanmugasundaram S, Razmi J, Mian M] et al. Mechan-
ical anisotropy and surface roughness in additively manufactured
parts fabricated by stereolithography (SLA) using statistical anal-
ysis. Materials (Basel) 2020;13:2496. https://doi.org/10.3390/
mal3112496

Daronch M, Rueggeberg FA, De Goes ME. Monomer conversion
of pre-heated composite. | Dent Res 2005;84:663-7. https://doi.
org/10.1177/154405910508400716

1SO14577-1. Metallic materials - Instrumented indentation test for
hardness and materials parameters. Geneva: International Organi-
zation for Standardization, 2002.

VanLandingham MR. Review of Instrumented Indentation. | Res
Natl Inst Stand Technol 2003;108:249—-635. https://doi.org/10.6028/
jres.108.024

Hay J. Introduction to instrumented indentation testing.
Exp  Tech  2009;33:66-72.  https://doi.org/10.1111/].1747-
1567.2009.00541.x

Pomes B, Derue I, Lucas A et al. Water ageing of urethane
dimethacrylate networks. Polym Degrad Stab 2018;154:195-202.
https://doi.org/10.1016/j.polymdegradstab.2018.06.003

Can E, Panayi N, Polychronis G et al. In-house 3D-printed aligners:
effect of in vivo ageing on mechanical properties. Eur | Orthod
2022;44:51-5. https://doi.org/10.1093/ejo/cjab022

Zinelis S, Al Jabbari YS, Gaintantzopoulou M et al. Mechan-
ical properties of orthodontic wires derived by instrumented in-
dentation testing (IIT) according to ISO 14577. Prog Orthod
2015;16:19. https://doi.org/10.1186/s40510-015-0091-z

Shahdad SA, McCabe JF, Bull S et al. Hardness measured with
traditional Vickers and Martens hardness methods. Dent Mater
2007;23:1079-835. https://doi.org/10.1016/j.dental.2006.10.001
ASTM D368-14. Standard Test Method for Tensile Properties of
Plastics. West Conshohocken, PA: ASTM International, 20135.
Schiimann K, Rohr U, Schmitz K-P et al. Conversion of engineering
stresses to Cauchy stresses in tensile and compression tests of ther-
moplastic polymers. Curr Dir Biomed Eng 2016;2:649-52. https:/
doi.org/10.1515/cdbme-2016-0142

Gerard Bradley T, Teske L, Eliades G et al. Do the mechanical and
chemical properties of InvisalignTM appliances change after use?
A retrieval analysis. Eur ] Orthod 2016;38:27-31. https://doi.
org/10.1093/ejo/cjv003

Papadopoulou AK, Cantele A, Polychronis G e al. Changes in
roughness and mechanical properties of Invisalign((R)) appliances
after one- and two-weeks use. Materials (Basel) 2019;12:2406.
https://doi.org/10.3390/ma12152406

Tamburrino F, D’Anto V, Bucci R ef al. Mechanical properties of
thermoplastic polymers for aligner manufacturing: in vitro study.
Dent | (Basel) 2020;8:47. https://doi.org/10.3390/dj8020047
Alexandropoulos A, Al Jabbari YS, Zinelis S et al. Chemical and
mechanical characteristics of contemporary thermoplastic or-
thodontic materials. Aust Orthod | 2015;31:165-70. https://doi.
org/10.21307/a0j-2020-151

Dalaie K, Fatemi SM, Ghaffari S. Dynamic mechanical and
thermal properties of clear aligners after thermoforming and
aging. Prog Orthod 2021;22:15. https://doi.org/10.1186/
$40510-021-00362-8

de Gee AJ, Pallav P, Werner A et al. Annealing as a mechanism of
increasing wear resistance of composites. Dent Mater 1990;6:266—
70. https://doi.org/10.1016/5S0109-5641(05)80008-9

20 Alenigad €1 Uo Jasn Yyoungz seylolaigieusz / younz Areqr Ausieniun Aq 98889y /2 0pelo/L/9p/slone/ofe/woo dno-ojwapeoe//:sdiy woy papeojumoq



